Abstract: Grain yield and heading date are key factors determining the commercial potential of a rice variety. Mapping of quantitative trait loci (QTLs) in rice has been advanced from primary mapping to gene cloning, and heading date and yield traits have always attracted the greatest attention. In this review, genomic distribution of QTLs for heading date detected in populations derived from intra-specific crosses of Asian cultivated rice (Oryza sativa) was summarized, and their relationship with the genetic control of yield traits was analyzed. The information could be useful in the identification of QTLs for heading date and yield traits that are promising for the improvement of rice varieties.
Grain yield and heading date are the two key factors determining the commercial potential of a rice variety. Grain yield is an indication of the productivity of rice, and heading date is the most critical determinant for the adaptation of rice to seasonal changes and ecological conditions. Yield, yield components and heading date are complex traits controlled by multiple genes known as quantitative trait loci (QTLs). QTL analysis in rice has been advanced from primary mapping to gene cloning, in which heading date and yield traits have achieved great success. In this paper, progress on the identification of QTLs for heading date in rice was reviewed, and their relationship with the genetic control of yield traits was analyzed. This information would facilitate the identification of genes for yield traits that could be utilized in the rice breeding for high-yielding potential.
Genes and QTLs for heading date in rice that have been cloned or fine-mapped
To date, 20 rice genes for heading date have been cloned, of which seven are QTLs underlying natural variation, three are major genes controlling mutant characters, and ten are rice homologs of the genes that have been identified in other species (hereafter referred to as homologous genes). Nine more QTLs for heading date have been fine-mapped. The 29 genes are distributed in 11 genomic regions (Table 1) . While OsMADS51, Se5, Hd2 and OsCO3 are individually located on the long arms of chromosomes 1, 6, 7 and 9, respectively, the remaining 25 genes are located in seven clusters which are briefly described below. Each cluster was named following a QTL included with priority to the one that had been cloned.
First, the dth1.1a region. It is located on the upper portion of the short arm of chromosome 1. Two genes are included, of which QTL dth1.1a has been fine-mapped and homologous gene OsGI has been cloned. Based on the physical positions of OsGI and markers flanking dth1.1a, OsGI is located within the dth1.1a QTL region.
Second, the Hd8/Hd9 region. It is located on the middle-upper portion of the short arm of chromosome 3. Five genes are included, of which QTLs Hd8 and Hd9 have been fine-mapped, and homologous genes OsMADS50, OsDof12 and OsMADS1 have been cloned. The maximum distance between the neighboring genes is 3.8 Mb. OsMADS50 is located within the Hd9 QTL region.
Third, the Hd6 region. It is located on the lower portion of the long arm of chromosome 3. Four genes are included, of which QTL Hd6, major gene el1 and homologous gene OsMADS14 have been cloned, and QTL Hd16 has been fine-mapped. The maximum distance between the neighboring genes is 1.5 Mb. The gene el1 is located within the Hd6 QTL region.
Fourth, the Hd1/Hd3 region. It is located on the middle-upper portion of the short arm of chromosome 6. Five genes are included, of which QTLs Hd1 and Hd3a, and homologous gene RFT1, have been cloned, while QTLs Hd17 and Hd3b have been fine-mapped. Hd17, Hd3b, RFT1 and Hd3a are located in a 1.0-Mb region, which is 6.4-Mb away from Hd1.
Fifth, the Ghd7 region. It is located on the short arm of chromosome 7. Three genes are included, of which QTL Ghd7 and homologous gene OsMADS15 have been cloned, and QTL Hd4 has been fine-mapped. Ghd7 is located within the Hd4 region, and OsMADS15 is 8.4-Mb away from Ghd7.
Sixth, the DTH8 region. It is located on the upper portion of the short arm of chromosome 8. Three QTLs are included, of which DTH8 and Ghd8 have been cloned, and Hd5 has been fine-mapped. It has been shown that DTH8 and Ghd8 are allelic to Hd5 (Wei et al, 2010b; Yan et al, 2011) .
Seventh, the Ehd1 region. It is located on the long arm of chromosome 10. Three genes that have been cloned include QTL Ehd1, major gene Ehd2 and homologous gene OsMADS56. The maximum distance between the neighboring genes is 3.2 Mb.
The resolution of primary QTL mapping is known to be approximately 10-20 cM, even lower than 30 cM (Tanksley et al, 1993; Koumproglou et al, 2002) . It is difficult to distinguish between a single QTL and a cluster of multiple QTLs located in a region extending a few megabases, given that 1 cM is equivalent to 250 kb (Zhao et al, 2002; Wu et al, 2003) . In other words, we can only determine whether a QTL region detected in the primary mapping is likely to cover a gene that has been cloned or fine-mapped. Other than OsMADS51, Se5 and OsCO3, eight of the 11 gene regions mentioned above contain one or more QTLs for heading date which have been cloned or fine-mapped. They serve as references to determine whether a QTL detected in the primary mapping has overlapped a gene that has been cloned or fine-mapped.
Genomic distribution of QTLs for heading date in rice
Since 1995, primary QTL mapping for heading date in rice has been extensively conducted using temporary populations such as F 2 and backcrossed populations, and permanent populations such as doubled-haploid lines (DH), recombinant inbred lines (RIL), and backcross inbred lines (BIL). As many as 42 crosses have been used in these studies, among which 33 are intra-specific crosses of Asian cultivated rice (Oryza sativa L.) ( Table 2 ) and nine are inter-specific. The intra-specific crosses included 19 crosses of indica/ japonica, 10 of indica/indica, and four of japonica/ japonica. The inter-specific crosses contained two crosses of O. sativa/O. glaberrima (Doi et al, 1998; Suh et al, 2005) , six of O. sativa/O. rufipogon (Moncada et al, 2001; Septiningsih et al, 2003; Thomson et al, 2003; Tan et al, 2004; Lee et al, 2005; Dong et al, 2009) , and one of O. sativa/O. glumaepatula (Brondani et al, 2002) . Since most of the studies employed crosses of Asian cultivated rice which is also predominant in the rice production and the inter-specific crosses differ greatly from the intra-specific crosses in terms of population structure and crossing-over behavior, only the results derived from crosses of O. sativa were analyzed in this review.
QTLs for heading date detected using populations derived from Nippobare/Kasalath QTL detection in the indica/japonica cross Nipponbare/ Kasalath (NK) provides a classical example of the QTL mapping for heading date in rice. Using F 2 and BIL populations of this cross, eight QTLs for heading date, Hd1-Hd5, Hd7, Hd8 and Hd11, were detected (Yano et al, 1997; Lin et al, 1998) . The same group later detected six more QTLs including Hd6 (Yamamoto et al, 2000) , Hd9 (Lin et al, 2002) , Hd10 and Hd12-Hd14 Uga et al, 2007) , and separated Hd3 into Hd3a and Hd3b (Monna et al, 2002) . Nine of the QTLs, Hd1-Hd8 and Hd10, also exhibited significant effects in one or more experiments in China . Additionally, a new QTL, qHD-1 located at the interval C885-R1944 on the short arm of chromosome 1, was identified by .
Of the 16 QTLs detected in the NK populations, nine have been cloned or fine-mapped (Table 1) , including Hd1, Hd3a and Hd6 that have been cloned, Hd4, Hd5 and Hd9 that have been fine-mapped to a region covering the cloned genes Ghd7, DTH8 and OsMADS50, respectively, and Hd2, Hd3b and Hd8 that have not been referred to any cloned genes for heading date. No more QTLs have been fine-mapped, but qHD-1 covers the dth1.1a that has been fine-mapped on the short arm of chromosome 1, and Hd14 Uga et al, 2007) overlaps with the gene Ehd1 on the long arm of chromosome 10. The remaining five QTLs are Hd7 on the long arm of chromosome 2, Hd10 and Hd11 on chromosome 4, Hd12 on the long arm of chromosome 8, and Hd13 on the short arm of chromosome 12 Uga et al, 2007) . No fine-mapped QTLs are located in the five regions.
As described above, a QTL mapped in a primary population might have been afterwards cloned or fine-mapped. A QTL that has either been cloned itself or fine-mapped to a region covering a cloned gene could be classified as a cloned QTL. As shown in primary populations derived from NK, the proportion of phenotypic variance explained by a single QTL is generally the highest for those that have been cloned in subsequent studies and the lowest for those that have remained in the state of coarse mapping. Of the five QTLs detected by Lin et al (1998) , the highest proportion of 23.4% was contributed by Hd1 that has been cloned, while the lowest proportions of 5.7% and 6.6% were contributed by Hd7 and Hd11 that have not been fine-mapped, respectively. The remaining two QTLs, Hd2 and Hd8, explained 15.4% and 6.4% of the phenotypic variance, respectively. Of the eight QTLs detected by , the three QTLs that have been cloned, Hd1 (originally designed as qHD-6), Hd5 (qHD-8) and Hd6 (qHD-3a), explained 12.0%, 9.3% and 3.4% of the phenotypic variance, respectively, whereas the two QTLs that have not been fine-mapped, Hd7 (qHD-2) and Hd10 (qHD-4), had small contribution of 2.1% and 1.2%, respectively. The remaining three QTLs, qHD-1, Hd8 (qHD-3b) and Hd2 (qHD-7), explained 1.9%, 2.2% and 1.5% of the phenotypic variance, respectively.
QTLs for heading date detected using populations derived from intra-specific crosses of rice other than Nippobare/Kasalath
In populations derived from 32 intra-specific crosses other than NK, a total of 207 QTLs for heading date have been detected. Five of these QTLs, Ghd7 (Xue et al, 2008) , DTH8 (Wei et al, 2010b) , Ghd8 (Yan et al, 2011 ), Hd16 (Matsubara et al, 2008a , and Hd17 (Matsubara et al, 2008a) , have been cloned or finemapped. Based on the physical positions of heading date genes and markers flanking QTLs, 149 of the 207 QTLs were located in the eight QTL regions for heading date that have been fine-mapped (Table 2) , accounting for 72% of the total. Among the eight regions, the dth1.1a and Hd2 regions were most infrequently observed for significant effects, and the Hd6 region showed infrequent and instable detection. The remaining five regions were consistently detected although the effects varied over different types of the rice crosses. For example, DTH8 was detected in most of the populations derived from an inter-subspecific cross, but it showed little effect in intra-specific crosses. Additionally, Hd1/Hd3 and Ghd7 were most commonly detected in indica/indica crosses. It was shown that a QTL located in any of the eight regions generally had a higher contribution to the phenotypic variance as compared with QTLs detected in other regions. Below examples were taken from three crosses that were used in multiple studies.
Using an F 2:4 population derived from the indica/ japonica rice cross Lemont/Teqing, three QTLs for heading date were detected by Li et al (1995) , among which the two having larger effects were located in the Hd8/Hd9 and DTH8 regions, explaining 44.7% and 42.5% of the phenotypic variance, respectively. Using an RIL population of the same cross, three QTLs were detected by Lei et al (2010) , among which the two having larger effects were located in the Hd8/Hd9 and Hd2 regions, contributing 15.1% and 5.0% to the phenotypic variance, respectively. Four QTLs were detected by Mei et al (2005) using the same RIL population, among which the three having larger effects were located in Hd8/Hd9, DTH8 and Hd6 regions, contributing 14.3%, 14.1% and 10.4% to the phenotypic variance, respectively. In another experiment using the same population (Mei et al, 2003) , two QTLs for heading date were detected in the Hd8/Hd9 and DTH8 regions, respectively.
Using a DH population derived from the indica/ japonica rice cross Zhaiyeqing 8/Jingxi 17, a same set of four QTLs for heading date were detected in an experiment involving three locations (Lu et al, 1997) and another one involving four locations , among which one was located in the DTH8 region and two in the Ehd1 region. The QTL in the DTH8 region had the highest contributions of 35.4% and 50.4% in the two experiments, respectively. In two other experiments using the same population, two QTLs for heading date were detected in the DTH8 and Ehd1 regions, respectively (Kunihiro et al, 2002) , and a single QTL was located in the DTH8 region (Tan et al, 1996) . Two QTLs were detected using an RIL population of the same cross, and the one located in the DTH8 region contributed the highest proportion of 35.2% (He et al, 2001) .
Using an RIL population derived from the indica/indica rice cross Zhenshan 97/Minghui 63, four QTLs for heading date were detected by Xing et al (2001) , among which three were located in the Hd1/Hd3 region and one in the Ghd7 region. Measured as the maximum values in three years, the four QTLs explained 10.1%, 6.7%, 15.6% and 25.3% of the phenotypic variance, respectively. Using the same population, three QTLs were detected by Guo et al (2003) , and the one having the largest contribution of 28.5% was located in the Ghd7 region. Using an F 2:3 population derived from the same cross, six QTLs were detected by Yu et al (2002) , among which three were located in the Hd8/Hd9, Hd1/Hd3 and Ghd7 regions, respectively, and two others were located in the Hd2 region. Measured as the maximum values in two years, the five QTLs explained 5.3%, 25.3%, 27.0%, 11.1% and 32.0% of the phenotypic variance, respectively. The remaining QTL detected had a lower contribution.
Of the 207 QTLs detected using populations derived from the crosses other than NK, 58 were located in regions where no QTLs have been fine-mapped. According to the physical positions of linked markers, they were classified into 18 regions of nine chromosomes (Table 3) . Thirteen of the regions showed no significant effect in the NK populations, and the remaining five cover all the regions that have been detected in the NK populations and remain to be fine-mapped. Four regions, the Hd7, Hd10, Hd12 and Hd13 regions, were detected in the NK cross and additional three or more crosses. Six of the regions that showed no significant effect in the NK populations were detected in three or more crosses, including the qHD1.2 region on the lower portion of the long arm of chromosome 1, the qHD2.2 region in the middle of the long arm of chromosome 2, the qHD5.2 region in the middle of the long arm of chromosome 5, the qHD9.1 and qHD9.2 regions on the long arm of chromosome 9, and the qHD11.1 region in the pericentromeric area of chromosome 11.
Genetic relationship between QTLs for heading date and yield traits
Wide distribution of heading date genes in rice genome is an indication of the broad genetic diversity in heading date. This provides an important foundation for the development of rice varieties that are adapted to different regions and seasons. In addition, a specific genotype for heading date is generally matched with particular regions and seasons (Andres et al, 2009; Wei et al, 2009; Xu et al, 2009; Zhou et al, 2011a, b) . In the existence of genetic drag between genes for heading date and yield traits, the use of high-yielding alleles might be affected or the planting areas of high-yielding varieties are restricted. If allelic variation of a gene for heading date does not affect yield traits, or has a favorable genetic association with yield traits, the development of high-yielding varieties with wide adaptability could be promoted. Some rice populations have been used in QTL mapping for both the heading date and yield traits, which provides an opportunity to analyze the relationship between QTLs for heading date and the genetic control of yield traits.
Effects on yield traits: regions haboring QTLs fine-mapped for heading date
Cluster distribution is an important characteristic of QTLs. The effect of a QTL cluster on multiple traits could be ascribed to pleiotropism of a single gene or to the effects of different genes that are closely linked.
Answers to the question are provided by QTL fine mapping and cloning. Of the eight QTL regions that have been fine-mapped for heading date in rice, six exhibit significant effects on yield traits (Table 4) , among which the pleiotropism of Ghd7 and DTH8 (Ghd8) have been verified in gene cloning (Xue et al, 2008; Wei et al, 2010b; Yan et al, 2011) and the others remain to be tested.
Ghd7 is the first gene reported to have pleiotropism on heading date and yield traits (Xue et al, 2008) . Compared with Zhenshan 97, Minghui 63 allele of Ghd7 prolonged heading date, and increased plant height (PH), the number of grains per panicle (NGP) and grain yield (GY). As a matter of fact, the effect of the Ghd7 region on multiple traits has been commonly observed in primary mapping. In an RIL population derived from Zhenshan 97/Minghui 63, Minghui 63 allele prolonged heading date, and increased PH (Xing et al, 2001; Guo et al, 2003) and NGP (Xing et al, 2002) or 1000-grain weight (TGW) (Guo et al, 2003) . In an F 2:3 population of the same cross, Minghui 63 allele prolonged heading date, and increased PH, NGP, TGW and GY (Yu et al, 1997 . In an RIL population of Zhenshan 97/HR5, HR5 allele prolonged heading date, and increased PH and number of spikelets per panicle (NSP) (Zhang et al, 2008b) . In an RIL population of Zhenshan 97/Milyang 46, Milyang 46 allele prolonged heading date, and increased NGP, NSP and GY (Zhuang et al, 2002; Zhang et al, 2011) . In an RIL population of Zhong 156/Gumei 2, Gumei 2 allele prolonged heading date, and increased NGP, NSP, TGW and GY (Cao et al, 2010) . A number of studies showed that Ghd7 had significant effects on the number of panicles per plant (NP), with the same allele promoting heading date and increasing NP, but this effect is not enough to compensate the effect of unfavorable association between heading date and NGP on grain yield (Yu et al, 1997; Xing et al, 2002; Guo et al, 2003; Xue et al, 2008; Cao et al, 2010) .
The effect of DTH8 (Ghd8) is similar to Ghd7, showing major effects on heading date and yield traits with the late-maturing allele increasing PH, NGP, NSP and GY (Wei et al, 2010b; Yan et al, 2011) . The pleiotropism of DTH8 (Ghd8) has also been commonly observed in primary mapping. In an RIL population of Zhenshan 97/HR5, HR5 allele prolonged heading date, and increased PH and NSP (Zhang et al, 2008b) . In an RIL population of 9024/LH422, LH422 allele prolonged heading date, and increased PH, NSP and GY (Xiao et al, 1996) . In a DH population of Zhaiyeqing 8/Jingxi 17, the late-maturing allele increased PH and TGW (Lu et al, 1997) . It was shown in cloning studies that the late-maturing allele of Ghd8 increased NP (Wei et al, 2010b; Yan et al, 2011) , which was not detected in primary mapping.
Although other major QTLs for heading date in rice have not been reported to have significant effects on yield traits, such effects become evident for the regions covering dth1.1a, Hd8/Hd9, Hd1/Hd3 and Ehd1 when QTLs for heading date and yield traits detected in the same population were compared. The late-maturing alleles located in the dth1.1a, Hd1/Hd3 and Ehd1 regions increased PH, NGP, NSP and GY, which are similar to Ghd7 and DTH8. Differently, the latematuring allele located in Hd8/Hd9 region increased Table 1 and Table 3 are c Traits for which a QTL was detected with the enhacing allele accompanying with prolonged heading date. PH, Plant height; NP, Number of panicles per plant; NGP, Number of grains per panicle; NSP, Number of spikelets per panicle; TGW, 1000-grain weight; GY, Grain yield.
d Traits for which a QTL was detected with the reducing allele accompanying with prolonged heading date.
e Traits for which no significant effect was detected. Type 1, Regions where one or more QTLs for heading date have been fine-mapped; Type 2, Regions where no QTL for heading date has been fine-mapped.
TGW and decreased PH and NGP, resulting in non-significant effects on GY. It is noted that in the populations in which Hd8/Hd9 region showed effects on multiple traits, its effect on heading date was much lower than that of the others. In an F 2:3 population of Zhenshan 97/Minghui 63, the average contribution to the phenotypic variance in two years was 5.3% for the QTL located in the Hd8/Hd9 region, while the values ranged from 10.2% to 25.6% for QTLs located in the Hd1/Hd3, Ghd7 and Hd2 regions . In an RIL population of Zhong 156/Gumei 2, the average contribution over four trials was 0.26% for the QTL located in the Hd8/Hd9 region, while the values were 3.5% and 21.3% for QTLs located in the Ehd1 and Ghd7 regions, respectively (Cao et al, 2010) . In an RIL population of 9024/LH422, the contribution was 6.9% for the QTL located in the Hd8/Hd9 region, and was 51.1% for the QTL located in the DTH8 region (Xiao et al, 1996) .
It is found that the effect of QTLs for yield traits detected in regions showing major effects on heading date were much higher than that detected in other regions. Using an RIL population of Zhenshan 97/ Milyang 46, six QTLs for heading date were detected. The effects detected were higher in the dth1.1a, Hd1/ Hd3 and Ghd7 regions than in other regions (Zhang et al, 2011) . The contribution to the phenotypic variance of NSP and NGP estimated were also higher for the three regions. The average additive effect over two years of the dth1.1a, Hd1/Hd3 and Ghd7 regions explained 12.4%, 8.4% and 3.6% of the NSP variance and 4.1%, 3.1% and 3.6% of the NGP variance, respectively, while the variances explained by the remaining three QTLs ranged from 1.6% to 3.1% for NSP, and from 1.4% to 2.1% for NGP (Zhuang et al, 2002) .
Effects on yield traits: regions haboring QTLs coarsely-mapped for heading date
In five of the 18 QTL regions for heading date that have not been fine-mapped, QTLs for heading date and grain yield were detected using the same population (Table 4 ). The five regions are qHD1.2 region on the lower part of the long arm of chromosome 1, Hd10 region on the upper part of the long arm of chromosome 4, qHD5.2 region in the middle of the long arm of chromosome 5, qHD9.2 region on the lower part of the long arm of chromosome 9, and qHD11.3 region on the lower part of the long arm of chromosome 11. None of the five regions have exhibited the association of late-maturity and high-yielding potential that was observed in five of the six fine-mapped regions.
The qHD1.2 region showed significant effects on heading date and yield traits in three populations. In the IR64/Azucena DH population, IR64 allele promoted heading date, increased NP, decreased TGW, but showed no significant effect on GY (Hittalmani et al, 2003) . In the Lemont/Teqing RIL population, Teqing allele promoted heading date and increased NSP (Mei et al, 2005) . In the Zhaiyeqing 8/Jingxi 17 DH population, the early-maturing allele increased TGW, but showed no significant effect on NP and NGP (Lu et al, 1997) .
The multiple effects of the four other regions for heading date and yield traits were each detected in one population. In the IR64/Azucena DH population, Azucena allele in the Hd10 region and IR64 allele in the qHD9.2 region promoted heading date and increased GY (Hittalmani et al, 2003) . In the Zhenshan 97/ Milyang 46 RIL population, Milyang 46 allele in the qHD5.2 region promoted heading date, increased TGW, decreased NGP, but showed no significant effect on NP, NSP and GY (Zhuang et al, 2002; Zhang et al, 2011) . In the Zhenshan 97/Minghui 63 F 2:3 population, Minghui 63 allele in the qHD11.3 region promoted heading date, increased NGP and GY, but had no significant effect on NP and TGW (Yu et al, 1997 .
CONCLUSIONS
Heading date and grain yield are the two key factors determining the commercial potential of a rice variety. When QTL mapping for heading date and yield traits is performed using the same population, it is not uncommon that a region is found to have significant effects on the two types of traits and a QTL region showing a major effect on heading date also has considerable effects on yield traits with the late-maturing allele enhancing grain yield. Since the allelic variance of such a QTL region is generally associated with the adaptation to specific regions and seasons, this type of QTLs could be utilized to select rice varieties suitable for specific eco-regions (Wei et al, 2010a ) rather than to select alleles for high-yielding potential. Besides, although eight QTL regions for heading date have been fine-mapped, the pleiotropism of these regions remains to be determined except for Ghd7 and DTH8. It is necessary to develop near isogenic lines segregating a single gene region and to test the relationship of the genes for heading date with the genetic control of yield traits.
Moreover, three types of minor QTLs might be of great importance. The first type shows significant effect on heading date and non-significant effect on yield traits, the second shows significant effect on yield traits and non-significant effect on heading date, and the third simultaneously promotes heading date and enhances yield potential. More attention should be paid to the fine mapping and cloning of these QTLs. Slow increase of grain yield has been witnessed for rice varieties released in China, which indicates that an ideal genotypic composition of major QTLs for yield traits has already been shaped in the modern rice varieties. Increase in the yield potential of rice would largely rely on the pyramiding of minor QTLs before a new breakthrough on the germplasm exploitation and gene deployment comes true. 
